The nematode Caenorhabditis elegans has been used as a valuable system to study structure and function of striated muscle. The body wall muscle of C. elegans is obliquely striated muscle with highly organized sarcomeric assembly of actin, myosin, and other accessary proteins. Genetic and molecular biological studies in C. elegans have identified a number of genes encoding structural and regulatory components for the muscle contractile apparatuses, and many of them have counterparts in mammalian cardiac and skeletal muscles or striated muscles in other invertebrates. Applicability of genetics, cell biology, and biochemistry has made C. elegans an excellent system to study mechanisms of muscle contractility and assembly and maintenance of myofibrils. This review focuses on the regulatory mechanisms of structure and function of actin filaments in the C. elegans body wall muscle. Sarcomeric actin filaments in C. elegans muscle are associated with the troponin-tropomyosin system that regulates the actin-myosin interaction. Proteins that bind to the side and ends of actin filaments support ordered assembly of thin filaments. Furthermore, regulators of actin dynamics play important roles in initial assembly, growth, and maintenance of sarcomeres. The knowledge acquired in C. elegans can serve as bases to understand the basic mechanisms of muscle structure and function.
Introduction
Contractile apparatuses in striated muscle are a highly differentiated form of actin cytoskeleton. Actin and myosin filaments are arranged in a sarcomeric manner, and accessary proteins are built into the sarcomeres and regulate actin-myosin contractility and structural integrity (Gordon et al., 2000; Clark et al., 2002) . During muscle development or muscle repair after damage, drastic reorganization of the actin cytoskeleton occurs to assemble highly ordered myofibrils (Sanger et al., 2010) . In mature myofibrils, sarcomeric proteins still undergo dynamic exchange to maintain the contractile structures (Sanger and Sanger, 2008) . Mutation or malfunction of sarcomeric proteins often cause cardiac diseases (Fatkin et al., 2014) or skeletal muscle diseases (Clarke, 2008) . However, precise mechanisms of many of these outstanding features of striated muscle remain uncharacterized.
Regulation of actin filaments is particularly important to assemble myofibrils and control muscle contractility. Actin needs to be accurately incorporated into sarcomeres with proper orientations and uniform lengths (Littlefield and Fowler, 2008) . Actin filament dynamics must be differentially controlled to support rapid actin reorganization during myofibril assembly and slow but significant actin turnover in mature myofibrils (Ono, 2010) . Many of the actin-regulatory systems should be adapted in a muscle-specific manner to allow differentiation of myofibrils. Thus, the regulation of actin in striated muscle is a key to understand how myofibrils are assembled and maintained and how some of the muscle diseases are developed.
To investigate basic mechanisms of muscle contractility and myofibril assembly, model organisms with distinct striated muscle are very useful. The fruit fly Drosophila melanogaster and the nematode Caenorhabditis elegans have been used as invertebrate models of muscle research, and zebrafish has been more recently utilized as a vertebrate model. Technical advantages in each model system have contributed to advance our knowledge on how muscle contractility and assembly are regulated. Here, I review previous and current research on the regulatory mechanisms of structure and function of actin filaments in C. elegans muscle.
Sarcomere organization in the C. elegans body wall muscle
The body wall muscle of C. elegans is obliquely striated muscle (Francis and Waterston, 1985; Waterston, 1988; Moerman and Fire, 1997; Moerman and Williams, 2006) . Thin and thick filaments are arranged in a sarcomeric pattern in a longitudinal orientation. However, their sarcomeres are obliquely aligned (Fig. 1A) , unlike sarcomeres in cross-striated muscle in which the bands of striations are perpendicular to the orientation of the thin and thick filaments ( Fig. 1B) . Therefore, at light microscopic levels, a surface view of striations of actin and myosin appear oblique to the longitudinal axis ( Fig. 1A and Fig. 2A ). In C. elegans, the angle of striations with respect to the filaments is reported to be ~6° (Mackenzie and Epstein, 1980; Francis and Waterston, 1985) , and this angle should increase when the muscle contracts as demonstrated in body wall muscle of another nematode species Ascaris (Rosenbluth, 1967) (Fig. 1A) . Although the body wall muscle lacks Z-discs or Z-lines, it has dense bodies, which are believed to play similar roles to Z-discs. Dense bodies are coneshaped with their bases attached to the plasma membrane and basement membrane through an integrin-based mechanism (Francis and Waterston, 1991; Moerman and Williams, 2006) (Fig. 1A) . Ends of thin filaments (barbed ends of actin filaments) are suggested to be anchored to the dense bodies ( Fig. 1A ), but mechanism of attachment of the ends of thin filaments has not been determined. α-actinin (ATN-1) specifically localizes to the dense bodies (Francis and Waterston, 1985; Moulder et al., 2010) (Fig. 3) and is a candidate for an actin-bunding protein that anchors actin filaments to the dense bodies. In addition, actin depolymerizing factor (ADF)/cofilin (UNC-60B) and formin (FHOD-1) accumulate to the region between dense bodies (Ono and Ono, 2002; Mi-Mi et al., 2012) (Fig. 3) , which correspond to the location where bundles of thin filaments near their ends are located in Ascaris muscle (Rosenbluth, 1965) . Ultrastructural analysis of Ascaris muscle shows the presence of "supporting fibrils" that link dense bodies (Rosenbluth, 1965 (Rosenbluth, , 1967 , and these molecularly uncharacterized structures might also serve as anchoring sites for the ends of thin filaments.
Actin in the core of thin filaments
Actin, the core component of thin filaments, is encoded by five genes (act-1, act-2, act-3, act-4, and act-5) in C. elegans (Ono and Pruyne, 2012) . Among them, four actin genes are expressed in body wall muscle and function as sarcomeric actin isoforms. Three actin genes, act-1, act-2, and act-3, are clustered on chromosome V and play major roles in sarcomere functions (Landel et al., 1984; Waterston et al., 1984) . Interestingly, these three actin genes are commonly expressed in both muscle and non-muscle cells and have redundant functions (Willis et al., 2006) . The act-4 gene on X chromosome is predominantly expressed in body wall muscle (Stone and Shaw, 1993) , and transgenically expressed green fluorescent protein (GFP)-tagged ACT-4 can be incorporated into sarcomeres (Kanako Ono and S. Ono, unpublished observation) . The act-5 gene is specifically expressed in the intestine and unlikely to have a role in muscle (MacQueen et al., 2005) . Biochemical properties of purified C. elegans actin are similar to those of rabbit muscle actin but with some quantitative differences in the critical concentration and polymerization kinetics (Harris et al., 1977; Ono, 1999; Ono and Pruyne, 2012) . The four sarcomeric actin isoforms differ in only four amino acids (99 % identical), suggesting that they have nearly identical properties and interchangeable functions. This is in contrast to vertebrate cardiac and skeletal muscles, in which a single actin isoform is predominantly expressed (Perrin and Ervasti, 2010) .
Regulatory system for muscle contraction Tropomyosin
Contraction of C. elegans body wall muscle is primarily regulated by the thin-filamentassociated tropomyosin-troponin system . lev-11 (also known as tmy-1) is a single gene for tropomyosin and encodes at least four tropomyosin isoforms that are produced by alternative promoters and splicing (Kagawa et al., 1995) . Two high-molecularweight tropomyosins, CeTMI and CeTMII, (284 amino acids) are expressed in body wall muscle and associated along the thin filaments except for regions near dense bodies (Ono and Ono, 2002) (Fig. 3 ). RNA interference (RNAi) of lev-11 causes paralysis (Ono and Ono, 2002) , and some lev-11 mutants show abnormal twitching phenotypes (Lewis et al., 1980) , indicating that tropomyosin is essential for controlling contraction of body wall muscle. Severe loss-of-function mutations of lev-11 cause paralysis and arrest at embryonic stages (Williams and Waterston, 1994) . Our recent analysis indicates that additional uncharacterized tropomyosin isoforms are expressed from the lev-11 gene (D. Barnes, E. Kwak, and S. Ono, ASCB Meeting, 2013) , suggesting that C. elegans utilizes a number of functionally distinct muscle and non-muscle tropomyosin isoforms. In mammals, more than 40 tropomyosin isoforms are expressed and play diverse cellular roles (Gunning et al., 2005; Schevzov et al., 2011) . Functional significance of tropomyosin isoforms in C. elegans, particularly in striated muscle, is currently unknown but should be an interesting topic for future research.
Troponin
Troponin is a complex of three proteins, troponin T (TnT: tropomyosin binding), troponin C (TnC: Ca 2+ binding), and troponin I (TnI: inhibitory), and functions as a Ca 2+ -regulated switch for actin-myosin interaction (Ebashi, 1984) . Biochemical studies of troponin from body wall muscle of another nematode species Ascaris have shown that Ascaris troponin has similar Ca 2+ -dependent regulatory activity for actomyosin to vertebrate troponin (Kimura et al., 1987) , suggesting that C. elegans troponin also has similar activity. All three C. elegans troponin components have been genetically defined to have essential roles in regulating contraction of body wall muscle. TnT is encoded by the mup-2 gene (Myers et al., 1996) . mup-2 mutant worms are defective in contraction, sarcomeric organization, and cell positioning in body wall muscle, which are due to aberrant regulation of Ca 2+ -dependent activities (McArdle et al., 1998) . Three additional genes coding for TnT isoforms (tnt-2, tnt-3, and tnt-4) have been identified in the C. elegans genome, but their functions are not understood. Two TnC isoforms are present in C. elegans: pat-10 encodes an isoform expressed in body wall muscle and somatic gonad, and tnc-2 encodes a pharyngeal isoform (Terami et al., 1999; Amin et al., 2007) . Mutations in pat-10 cause paralysis and growth arrest at embryonic stages due to defective muscle contractility (Williams and Waterston, 1994; Terami et al., 1999) . TnI isoforms are encoded by four genes, tni-1, unc-27, tni-3, and tni-4 (Burkeen et al., 2004; Ruksana et al., 2005) . Among them, unc-27 (also known as tni-2) encodes the major TnI isoform in body wall muscle, and unc-27 mutations cause excessive unregulated contraction and sarcomeric disorganization in body wall muscle. tni-1 and tni-3 are also expressed in body wall muscle, while tni-4 is specifically expressed in the pharynx. tni-1 and tni-3 appear to play only minor roles in body wall muscle contractility (Burkeen et al., 2004) , and tni-1 and unc-27 are functionally redundant in the contractility of non-striated muscle in the gonad (Obinata et al., 2010) . Thus, C. elegans TnIs show both isoform-specific and redundant functions, but biochemical basis of their functional differences is currently unknown. Live imaging of GFP-tagged MUP-2 (TnT) suggests that the troponin complex is highly dynamic within mature sarcomeres (Ghosh and Hope, 2010) . This is similar to the dynamic exchange of troponin in rat adult cardiomyocytes (Michele et al., 1999) . Thus, C. elegans muscle could be a useful system to study how the troponin dynamics is regulated and how its dynamic behaviors are related to its function.
F-actin-side-binding proteins in thin filaments

α-actinin and spectrin-related proteins
In vertebrate striated muscle, several well-characterized proteins are associated with sarcomeric actin filaments and regulate dynamics, organization, and function of thin filaments (Clark et al., 2002; Littlefield and Fowler, 2008; Ono, 2010) . α-actinin has been characterized as a conserved component of sarcomeres in C. elegans muscle. Vertebrate αactinin bundles actin filaments as an anti-parallel homodimer at the Z-discs in sarcomeres (Otey and Carpen, 2004) . C. elegans α-actinin is encoded by the atn-1 gene and localizes specifically to the cytoplasmic portion of the dense bodies (Francis and Waterston, 1985) (Fig. 3 ). However, somewhat surprisingly, atn-1 null mutants are homozygous viable and only show relatively minor morphological abnormalities of dense bodies and sarcomeric actin filaments in body wall muscle (Moulder et al., 2010) , suggesting that α-actinin does not play a major role in linking thin filaments to the dense bodies. Moreover, monoclonal antibodies against C. elegans α-actinin (MH35 and MH40) (Francis and Waterston, 1985) do not react with sarcomeres in embryonic body wall muscle or non-striated contractile apparatuses in the somatic gonad . Therefore, other functionally related actin-binding proteins may function in these tissues.
α-actinin belongs to the spectrin family proteins, and other spectrin-related proteins may share some functions with α-actinin. The spectrin family proteins share common molecular features including two N-terminal calponin-homology domains as an actin binding region, central spectrin repeats, and a C-terminal EF-hand motif (Broderick and Winder, 2005) . In C. elegans, three spectrin-related genes, spc-1 (α-spectrin) (Norman and Moerman, 2002) , unc-70 (β-spectrin) (Hammarlund et al., 2000) , dys-1 (dystrophin) (Gieseler et al., 2000) , are known to have functions in regulating sarcomere integrity in body wall muscle. However, products of these genes presumably mediate membrane-actin linkages, and their roles in regulating sarcomeric actin filaments as well as their functional relationship with α-actinin are unknown.
Other dense body proteins
frg-1 encodes a homolog of facioscapulohumeral muscular dystrophy region gene 1 (FRG1) that bundles actin filaments in vitro and localizes to the dense bodies (Liu et al., 2010a) (Fig.  3 ). Localization of FRG-1 to the dense bodies is dependent on α-actinin, and overexpression of FRG-1 disrupts cell-cell junctions in a subset of muscle cells (Liu et al., 2010a) . However, loss-of-function or null phenotype of frg-1 is unknown. Several other dense-bodyenriched proteins are essential for attachment of sarcomeres to the plasma membrane (Fig.  3) , and some of them may anchor actin filaments to the dense bodies. These include Ce-talin (Moulder et al., 1996; Cram et al., 2003) , DEB-1 (vinculin) Waterston, 1989, 1991) , and PAT-6 (actopaxin/parvin) (Lin et al., 2003) . Mammalian counterparts of these proteins are known to bind to actin directly and function as important components of the costameres, which connects the plasma membrane with the Z-discs (Peter et al., 2011) . However, specific roles of these C. elegans proteins in actin regulation are unknown.
UNC-87 (calponin-like protein)
C. elegans does not have nebulin, a giant actin-binding protein that spans nearly entire length of thin filaments in vertebrate muscle (Labeit et al., 2011; Pappas et al., 2011) . One of the important functions of nebulin is to stabilize actin filaments in a uniform length . In C. elegans muscle, tropomyosin (Ono and Ono, 2002; Yu and Ono, 2006) and UNC-87 (Goetinck and Waterston, 1994b) are known as stabilizers of sarcomeric actin filaments, and these proteins may play equivalent functions to nebulin. The actin-stabilizing function of tropomyosin has been demonstrated widely in both muscle and non-muscle cells in animals and fungi (Cooper, 2002) . By contrast, UNC-87 is a nematode-specific calponinlike protein with seven calponin-like (CLIK) repeats and no calponin-homology (CH) domain (Goetinck and Waterston, 1994a) . In vitro, UNC-87 binds tightly to actin filaments and protects them from severing by actin depolymerizing factor (ADF)/cofilin (Kranewitter et al., 2001; Yamashiro et al., 2007) . In unc-87 mutant worms, sarcomeric actin filaments are disorganized, but this phenotype can be suppressed by reducing muscle contractility (Goetinck and Waterston, 1994b ), suggesting that UNC-87 stabilizes actin filaments against mechanical stress. UNC-87 is only a 40 kDa monomeric protein and localizes to sarcomeric actin filaments except for a small region near the pointed ends of actin filaments (Yamashiro et al., 2007) (Fig. 3) . This is similar to the nebulin localization in vertebrate skeletal muscle that has short nebulin-free regions near the pointed ends of sarcomeric actin filaments (Castillo et al., 2009 ). These nebulin-free regions are called "distal segments" at which actin monomers are relatively dynamically exchanged to maintain proper lengths of thin filaments (Gokhin and Fowler, 2013) . Likewise, the UNC-87-free zones of nematode thin filaments may serve as distal segments, although it needs to be experimentally examined.
Kettin
Kettin is an invertebrate-specific large actin-binding protein of ~500 kDa with immunoglobulin-like repeats. In arthropods, kettin is expressed as a splice variant of titin/ connectin, which is a much larger elastic protein connecting thick filaments to the Z-discs (Machado and Andrew, 2000; Zhang et al., 2000; Fukuzawa et al., 2001) . However, C. elegans kettin is expressed from the ketn-1 gene that is independent of other titin/connectinrelated genes Ono et al., 2006) . C. elegans kettin localizes to a part of sarcomeres near the dense bodies in a complimentary manner to the tropomyosin localization (Fig. 3) . This is perhaps due to their mutually exclusive binding to actin filaments as shown for Drosophila kettin (van Straaten et al., 1999) . C. elegans kettin has 31 immunoglobulin-like repeats along the molecule, and the C-terminal four repeats have been demonstrated to bind directly to actin filaments. RNAi knockdown of C. elegans kettin causes contraction-dependent disorganization of sarcomeric actin filaments and irregular assembly of α-actinin at the dense bodies, suggesting that kettin provides mechanical stability to the proximal portions of thin filaments . ttn-1 is a separate gene encoding titin/connectin-like proteins (Flaherty et al., 2002) , and several portions of TTN-1 bind to actin filaments in vitro (Forbes et al., 2010) . However, functional significance of the TTN-1-actin interaction is unknown.
Regulatory proteins for assembly and maintenance of sarcomeric actin filaments
Although muscle actin filaments are relatively stable, dynamic regulation of actin reorganization is very important for assembly and maintenance of myofibrils (Ono, 2010) . In C. elegans muscle, combination of biochemical and genetic studies have identified genes encoding proteins that regulate actin filament dynamics by severing actin filaments, enhancing nucleotide exchange, promoting actin nucleation and elongation, or stabilizing side or ends of actin filaments (Fig. 4) . Most of these factors are known to play significant roles in assembly and/or maintenance of sarcomeric actin filaments in C. elegans muscle.
Actin depolymerizing factor (ADF)/cofilin
The unc-60 gene encodes two splice variants of actin depolymerizing factor (ADF)/cofilins (McKim et al., 1994) : UNC-60B is a muscle-specific ADF/cofilin isoform that is essential for proper assembly of sarcomeric actin filaments in body wall muscle , while UNC-60A is expressed in non-muscle cells and non-striated gonadal muscle (Ono et al., 2003; Ono et al., 2008) . Muscle-specific expression of UNC-60B is controlled by splicing factors, sup-12 (RBM24/SEB-4) and asd-2 (Quaking/QKI), which suppress expression of UNC-60A in muscle (Anyanful et al., 2004; Ohno et al., 2012) . ADF/cofilin is a conserved actin regulator that enhances actin dynamics by promoting actin depolymerization and filament severing (Ono, 2007) . In mammals, cofilin-2 is expressed in striated muscle (Ono et al., 1994; Vartiainen et al., 2002) , and its mutation causes sarcomere disorganization in mice (Agrawal et al., 2012) and nemaline myopathy in humans (Agrawal et al., 2007) . UNC-60B severs and depolymerizes actin filaments, which results in enhancement of actin dynamics (Ono and Benian, 1998; Yamashiro et al., 2005) . Mutations in UNC-60B cause severe disorganization of sarcomeres and formation of large aggregates of actin filaments in muscle cells (Fig. 2B) . These phenotypes appear early during embryonic muscle development in unc-60B mutants suggesting that UNC-60Bmediated actin dynamics are essential for reorganization of actin filaments into sarcomeric pattern. The filament-severing activity of UNC-60B can be disrupted by a point mutation without affecting its monomeric-actin binding activity , and such a mutant cannot support sarcomere organization in vivo , suggesting that severing of actin filaments by UNC-60B is important for myofibril assembly. Tropomyosin and UNC-87 (a calponin-like protein) antagonize UNC-60B to stabilize actin filaments (Ono and Ono, 2002; Yamashiro et al., 2007) (Fig. 4) . Thus, a balance of dynamic and stable states of actin filaments appears to be a crucial determinant for organized assembly of sarcomeres.
Actin-interacting protein 1
Several other factors are known to cooperate with UNC-60B (ADF/cofilin) to regulate actin dynamics. unc-78 encodes actin-interacting protein 1 (AIP1), and the unc-78 mutants exhibit disorganization of sarcomeres and formation of large actin aggregates in muscle cells in a similar manner to unc-60B mutants (Ono, 2001) . AIP1 is a unique WD-repeat protein that has two seven-bladed β-propellers in a single molecule that specifically disassembles ADF/ cofilin-bound actin filaments (Ono, 2003 (Ono, , 2007 . In vitro, UNC-78 strongly disassembles UNC-60B-bound actin filaments (Mohri and Ono, 2003; Mohri et al., 2004; , and this activity is essential for the function of UNC-78 in vivo . UNC-78 is co-localized with sarcomeric actin filaments in body wall muscle (Mohri et al., 2003) (Fig. 3) . C. elegans has another AIP1 gene, aipl-1, that has partially redundant function with unc-78 Ono and Ono, 2013) . AIPL-1 is enriched in embryonic muscle, while UNC-78 is expressed in larval and adult muscle. AIPL-1 and UNC-78 have similar activity to disassemble UNC-60B-bound actin filaments, and their functional difference other than the expression pattern is currently unknown.
Cyclase-associated protein
cas-1 encodes a cyclase-associated protein (CAP) that promotes recycling of UNC-60Bdepolymerized actin monomers for a new round of polymerization (Nomura et al., 2012) . CAP is a conserved actin-monomer binding protein that promotes nucleotide exchange on actin monomers as well as disassembly of ADF/cofilin-bound actin filaments (Ono, 2013) . Although UNC-60B inhibits exchange of actin-bound nucleotide, CAS-1 strongly promotes nucleotide exchange even in the presence of UNC-60B (Nomura et al., 2012) . As a result of UNC-60B-mediated actin depolymerization and CAS-1-mediated regeneration of ATPbound actin monomers, the rate of actin filament turnover is accelerated. Biochemical studies on a non-muscle C. elegans CAP isoform, CAS-2, show that enhancement of actin turnover by CAP and ADF/cofilin is dependent on ATP (Nomura and Ono, 2013) , suggesting that CAP facilitates to fuel actin turnover with ATP-supplied energy. cas-1 null mutants have disorganized sarcomeres with aggregates of actin filaments where UNC-60B is also accumulated (Nomura et al., 2012) , indicating that the cooperative function of CAS-1 and UNC-60B is important for sarcomere assembly. CAS-1 is localized to the M-lines and gaps between dense bodies (Nomura et al., 2012) (Fig. 3) , but significance of this localization pattern is unclear. Mammalian CAP2 is a CAP isoform that is predominantly expressed in striated muscle and also localized to the M-lines (Peche et al., 2007) , and CAP2-knockout mice show sarcomere disorganization and dilated cardiomyopathy (Peche et al., 2013) , suggesting that CAP is a conserved actin regulator in striated muscle.
Gelsolin-related proteins
The gelsolin-family of proteins is another class of actin-filament severing proteins (Ono, 2007) . Gelsolin severs and caps the barbed ends of actin filaments in a calcium-dependent manner. The function of gelsolin in muscle is not understood, despite the fact that localization of gelsolin to muscle thin filaments has been reported for a long time (Yin et al., 1981; Rouayrenc et al., 1984) . C. elegans has three gelsolin-related genes: gsnl-1 (gelsolinlike protein 1), viln-1 (villin-like protein 1), and fli-1 (Flightless-1). Expression of gsnl-1 (Fox et al., 2007) and fli-1 (Deng et al., 2007) in body wall muscle has been reported. However, gsnl-1-null worms do not show abnormalities in muscle (T. Klaavuniemi, Z. Liu, K. Ono, and S. Ono, unpublished observation), and fli-1 mutants show only minor irregularities in the striation of actin (Deng et al., 2007) . Depletion of all three gelsolinrelated proteins also caused only minor disorganization of sarcomeres (T. Klaavuniemi, Z. Liu, K. Ono, and S. Ono, unpublished observation) , and, thus, roles of these gelsolin-related genes in muscle are still unclear. Nonetheless, the GSNL-1 protein strongly severs actin filaments and caps their barbed ends in a calcium-dependent manner in vitro (Klaavuniemi et al., 2008) . FLI-1 is also reported to possess actin filament severing activity in vitro (Goshima et al., 1999) . Interestingly, GSNL-1 has only four gelsolin-like (G) domains, whereas mammalian gelsolin has six G domains. Each G domain of GSNL-1 has distinct functions. The first G domain is essential for the severing and capping activities and binds to actin monomers, while the third and fourth G domains bind to actin filaments (Liu et al., 2010b) . The second G domain has a putative calcium-binding site that regulates calciumdependent conformational changes (Liu and Ono, 2013) . Mutational analysis of the first G domain suggests the presence of a latch mechanism between the first and third G domains to maintain a closed inactive conformation of GSNL-1 (Liu et al., 2011) . These features are also conserved in mammalian gelsolin, and biochemical studies on GSNL-1 should help understand the mechanism of gelsolin-actin interactions. Furthermore, in vivo functional studies on gelsolin-related genes in C. elegans muscle could shed light on the function of gelsolin in muscle.
Formins
Regulatory mechanism of nucleation and elongation of sarcomeric actin filaments in muscle remains unknown. Formins are candidates of nucleation/elongation factors for sarcomeric actin filaments, because many formins nucleate unbranched actin filaments and promote elongation from the barbed ends of actin filaments in the presence of profilin (Paul and Pollard, 2009; Chesarone et al., 2010) . Mammals have 15 formins, and multiple formins are expressed in cardiac and skeletal muscles and implicated in myofibril assembly (Taniguchi et al., 2009; Iskratsch et al., 2010; Krainer et al., 2013; Rosado et al., 2014) . Among them, FHOD3 plays essential roles in cardiac myofibril assembly: FHOD3 knockout mice show defects in cardiac myofibril assembly (Kan et al., 2012) , and mutations in human FHOD3 are found in patients with dilated cardiomyopathy (Arimura et al., 2013) . However, the FHOD3 protein appears to inhibit actin polymerization in vitro (Taniguchi et al., 2009) , and its precise function remains elusive. C. elegans has seven formin-related genes, and CYK-1 and FHOD-1 are expressed in body wall muscle and play important roles in sarcomere growth and maintenance in larval and adult stages (Mi-Mi et al., 2012) . CYK-1 localizes to the dense bodies, while FHOD-1 localizes to the region between dense bodies (Fig. 3) . As briefly described above, these regions are analogous to the Z-lines of cross-striated muscle where barbed ends of sarcomeric actin filaments are presumably concentrated. A C-terminal fragment of CYK-1 containing formin-homology (FH) 1 and FH2 domains has activity to promote actin nucleation in vitro (Neidt et al., 2008; Ono and Pruyne, 2012) . Thus, these formins may promote nucleation and elongation of sarcomeric actin filaments. However, spatial and temporal information on formin-mediated actin polymerization is still needed to understand the mechanism of sarcomeric actin assembly.
Profilins
Profilin is a low-molecular weight actin-monomer binding protein with multiple functions. Profilin inhibits spontaneous actin nucleation and elongation from the pointed ends of actin filaments, while it allows elongation from the barbed ends, which is promoted in cooperation with formin (Bugyi and Carlier, 2010) . Animal and fungal profilins also enhance exchange of actin-bound nucleotides. C. elegans has three profilin genes, and two of them appear to have roles in sarcomere organization in muscle (Polet et al., 2006) . PFN-3 is predominantly expressed in body wall muscle and localized to the dense bodies ( Fig. 3) . pfn-3-null mutants show very minor irregularities in sarcomeric actin filaments. PFN-2 is not detectable in muscle by immunofluorescence microscopy, but depletion of PFN-2 in the pfn-3-null mutants slightly enhances the sarcomeric irregularities, suggesting that PFN-2 also participates in the regulation of sarcomere organization. Nonetheless, these phenotypes are very weak, and functions of these profilins in C. elegans muscle remain unclear. Although profilin mutations do not enhance actin disorganization in unc-60B (ADF/cofilin) mutants, they promote actin aggregate formation when tropomodulin (see below) is depleted . Thus, the role of profilin to inhibit actin polymerization at the pointed ends may be an important function in muscle together with the pointed-end capping by tropomodulin. In vitro, CYK-1 formin assembles actin filaments more rapidly with PFN-1, a non-muscle profilin, than with PFN-2 or PFN-3 (Neidt et al., 2009) , and whether these muscle profilins are involved in formin-mediated actin assembly at the barbed ends is unknown.
Tropomodulin and capping protein
Each end of sarcomeric actin filaments is capped by tropomodulin at the pointed end and capping protein (CapZ) at the barbed end (Clark et al., 2002) . These end-capping proteins inhibit actin dynamics by preventing both polymerization and depolymerization from the ends. unc-94 (also known as tmd-1) encodes a tropomodulin that is expressed in body wall muscle and localizes in a linear pattern near the M-lines distal to the dense bodies where the pointed ends of sarcomeric actin filaments are aligned (Stevenson et al., 2007; . Mutations in unc-94 cause disorganization of sarcomeres and formation of actin aggregates. Although UNC-94 caps the pointed ends of actin filaments in a tropomyosindependent manner and protects actin from depolymerization by UNC-60B (ADF/cofilin) in vitro, UNC-94 and UNC-60B appear synergistic rather than antagonistic in in vivo sarcomere assembly . Based on these observations, a model has been proposed that both UNC-94 and UNC-60B act together to limit actin elongation from the pointed ends by capping and severing, respectively . Similar synergy is observed between unc-94 and unc-78 (AIP1) or pfn-3 (profilin) suggesting that fine tuning of actin dynamics at their pointed ends is important for assembly and maintenance of sarcomere organization .
Leiomodins are tropomodulin-related proteins expressed in vertebrate muscles (Conley et al., 2001) . However, C. elegans does not have a homolog of leiomodin. Leiomodin binds to the pointed ends of actin filaments and allows elongation from the pointed ends by competing with tropomodulin (Tsukada et al., 2010) , and also nucleates actin polymerization (Chereau et al., 2008) . Leiomodin is characterized by its long C-terminal sequence that contains a WASP-homology 2 (WH2) domain, which binds to actin monomers and is essential for its function. C. elegans has an uncharacterized tropomodulinrelated gene, tmd-2, but the TMD-2 protein has a long C-terminal sequence with no WH2 or any recognizable domains (Yamashiro et al., 2012) . Currently, function of tmd-2 is unknown, but its functional relationship with unc-94 tropomodulin should be an interesting subject for future research.
Function of capping protein (CapZ) at the barbed ends of sarcomeric actin filaments is still unknown in C. elegans. Capping protein is a heterodimer of α and β subunits, tightly caps barbed ends of actin filaments, and is a component of the Z-discs in mammalian striated muscle (Cooper and Sept, 2008) . C. elegans capping protein is encoded by cap-1 (α subunit) and cap-2 (β subunit) and exhibits barbed-end capping activity in vitro (Waddle et al., 1993) . Promoters of cap-1 and cap-2 are active in body wall muscle (Dupuy et al., 2007) , and knockdown of cap-1 or cap-2 by RNA interference causes embryonic or larval lethality (E. Nickoloff, K. Ono, and S. Ono, unpublished observations). However, their function in muscle remains unknown. Future studies on capping protein and its regulatory mechanism should be important to understand how actin barbed-end dynamics contributes to assembly and maintenance of myofibrils.
Perspectives
Although a number of key actin regulators in C. elegans have been identified, we are still far from complete understanding of the mechanisms of myofibril assembly and muscle contractility. Little is known about spatial and temporal regulation of activities of the actin regulators and how multiple actin regulators collaborate to promote myofibril assembly and maintenance and to modulate actin-myosin interaction. Recent technical advancements in novel resources for genome engineering in C. elegans (Frokjaer-Jensen et al., 2012; Dickinson et al., 2013; Friedland et al., 2013) should expand our capabilities to analyze in vivo functions of actin regulators.
In addition to the research on the basic mechanisms of actin regulation, C. elegans could be used to model a human muscle disease. A number of mutations in actin itself and actinregulatory proteins are known to cause cardiac and skeletal muscle diseases (Clarke, 2008; Fatkin et al., 2014) , and we have preliminarily observed that some of the cardiomyopathy mutations in actin dominantly cause sarcomere disorganization (K. Ono and S. Ono, unpublished observation) . This approach will be an economical alternative to a mouse transgenic model and should be useful to study pathological effects of rare mutations. Another unexplored area in C. elegans is the mechanism of sacopenia, age-dependent muscle atrophy. Sarcopenia is one of the major physiological problems in aged humans, but the genetic mechanism of sarcopenia is unknown (Siparsky et al., 2014) . C. elegans muscle is also gradually deteriorated with age, and age-1 (PI3-kinase) is known to affect sarcopenia (Herndon et al., 2002) . Interestingly, unc-60 (ADF/cofilin) was identified as one of genes that delay age-dependent muscle degeneration (Kashyap et al., 2012) , suggesting that enhanced actin dynamics may suppress sarcopenia. However, how actin filaments are altered during aging is largely unknown. Functional analyses of actin regulators in aging muscle provide key information regarding the mechanism of age-dependent muscle degeneration.
In summary, the C. elegans body wall muscle is a strong model system to study the mechanisms of actin regulation in striated muscle. Future research should provide new insight into the mechanisms of myofibril assembly and maintenance, muscle contractility, and pathogenesis of muscle diseases. Schematic representation of sarcomere structures in obliquely striated muscle of C. elegans body wall muscle (A) and cross-striated muscle in mammalian cardiac and skeletal muscle (B). Surface views of both relaxed and contracted states are shown for each muscle type. A side view of obliquely striated muscle is shown on the left in A. Actin filament organization in adult C. elegans body wall muscle. Wild-type (A) and unc-60B (ADF/cofilin) mutant (B) worms were stained with tetramethylrhodaminephalloidin, and body wall muscle was observed from the surface. Orientation of the longitudinal body axis is shown on the top. Bar, 20 μm. Localization of actin regulatory proteins in C. elegans thin filaments. The proximal region of actin filament near the barbed end is indicated either by blue for dense bodies or magenta for gaps between dense bodies. CAS-1 is also localized to the M-lines. 
